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Last summer, the Dawn spacecraft has begun ob-
servations of the asteroid, 4 Vesta, bringing back spec-
tacular images of its surface [1].  These images showed 
that this protoplanet experienced complicated geologic 
history.  The asteroid 4 Vesta is thought to be the par-
ent body of the largest group of achondrites, the HED 
meteorites (~1000 meteorites [2]).  Thus, HED meteor-
ites provide a valuable picture of the lithologic diver-
sity of Vesta.  We present here a synthesis of some of 
our recent works on the petrology and geochemistry of 
HED meteorites we have undertaken in order to better 
constrain the geologic history of Vesta [3-7]. 
 
Magma ocean (MO) model 
Since the eighties, the magma ocean (MO) model 
has been a widely accepted model for the petrogenesis 
of HED meteorites.  Highly depleted siderophile ele-
ment compositions and homogeneity of O-isotopic 
compositions (∆17O) of igneous portions of HED me-
teorites indicate that igneous portion of HED meteor-
ites are products of extensive melting and crystalliza-
tion in a magma ocean (MO) [e.g., 8,9].  Major ele-
ment compositions of pyroxenes in HED meteorites 
form a single trend, consistent with the crystallization 
from a single magma (i.e., MO) [10].  In the MO 
model, eucrites are considered to be residual liquids 
after extensive fractional crystallization whereas dio-
genites are cumulate rocks crystallized from the MO. 
 
Metamorphism and remelting of eucritic crust 
The majority of basaltic eucrites (the Main Group-
Nuevo Laredo trend eucrites) are generally consistent 
fractional crystallization in a MO.  However, the origin 
of a small group, Stannern trend eucrites is problematic.  
Stannern trend eucrites have bulk compositions with 
high incompatible element abundances with limited 
FeO/MgO.  Recently, Barrat et al. [3] suggested that 
compositions of Stannern trend eucrites can be ex-
plained by contamination of Main Group eucrites by 
crustal partial melts of eucrites.  This interpretation is 
consistent with the presence of the residual eucrites.  
The residual eucrites are generally highly metamor-
phosed eucrites, and have depletions of LREE with a 
positive Eu anomaly [6].  The residual eucrites experi-
enced metamorphism over the solidus causing removal 
of partial melts.  Therefore, fractional crystallization 
and remelting of early-formed crust can explain the 
range of thermal history and bulk chemical composi-
tions of basaltic eucrites. 
 
Geochemical diversity of diogenites 
Earlier studies have proposed that diogenites are 
cumulate rocks directly crystallized from the MO [e.g., 
10].  However, major and trace element geochemistry 
of diogenites is not consistent with this simple MO 
model [4,5,11,12].  Diogenites and eucrites cannot be 
co-magmatic.  The variation of  incompatible element 
abundances in diogenite (e.g., Dy/Yb ratios) is best 
explained by the diversity of their parental melts.  Bar-
rat et al. [4] further suggested that some heavy-REE 
enriched signatures observed in some diogenites indi-
cate that the parental melts of these rocks  formed by 
remelting of cumulate rocks.   
Barrat et al. [5] argued that some diogenites paren-
tal magmas interacted with eucrites to explain very low 
Eu anomalies of some diogenitic pyroxenes.  They 
suggested that some diogenite plutons were extruded 
into the early-formed eucritic crust.  This hypothesis is 
consistent with the presence of unequilibrated dio-
genites.  Yamaguchi et al. [7] found that several dio-
genites preserve original igneous zoning in their pri-
mary pyroxenes (unequilibrated diogenites).  The cool-
ing rates of these diogenites are several hundreds °C/yr 
(e.g., Dho 700).  The rapid cooling rates indicate that 
some diogenites crystallized in small intrusions shal-
low in the crust.  It seems probable that unequilibrated 
diogenites cooled more rapidly that did equilibrated 
basaltic eucrites (type 5-6) where original chemical 
zonings were completely homogenized by subsequent 
metamorphism and slow cooling of the crust.  These 
lines of evidence indicate that the diogenite parent 
magmas have intruded the early-formed eucritic crust, 
and consequently are younger than eucrites. 
 
Post-MO magmatism and geology of Vesta 
We argue that Vesta experienced post-MO magma-
tism that caused significant alteration of the primary 
crust.  This magmatism supplied at least partly the heat 
for global crustal metamorphism, and caused partial 
melting, and interaction with the partial melt and in-
truded eucritic and diogenitic magmas.  
A question arises how the secondary diogenite 
magmatism took place, and what are the heat sources.  
Heat sources such as decay of 60Fe and large impacts 
are possible candidates.  We suggest that diogenite 
magmatism was caused by remelting of mafic cumu-
late crystallized from MO.  The fractional crystalliza-
tion and accumulation of crystals in the MO could pro-
duce unstable mantle where high FeO/MgO cumulate 
with high density capped on hot cumulate with low 
FeO/MgO and less dence cumulate rocks.  Such den-
sity contrasts could made the mantle unstable, causing 
reconstruction of the mantle, possibly triggered by 
large impact events. 
Vestan geology is certainly more complicated than 
previously inferred from the simple layered crust 
model.  Multiple intrusions of diogenitic magmas 
would have significantly reorganized the primary 
eucritic crust.  The crust of Vesta is a probably a com-
plicated combination of eucrites and diogenites that 
could be much thicker than 60 km if all diogenites 
formed in intrusions located within the primary crust.  
Subsequently, the crust was heavily cratered by im-
pacts.  Thus, we infer diogenites spots appear as the 
center of impact crater as well as exposed rocks on the 
source.  The deep-seated magma ocean cumulates (in-
cluding possibly dunitic lithologies) could not have 
been exposed by cratering events. 
Clearly, our sampling of HED meteorites is far 
from complete to understand the geologic history.  We 
do not know how impacts took place on Vesta to have 
delivered HED meteorites.  Despite the abundance of 
diogenites, and breccias that contain diogenitic debris, 
the parental melts of these orthopyroxenites have still 
not been recognized in the HED collection.  Indeed, 
cosmic-ray exposure ages of the HEDs suggest that 
they are associated only with five impact events [13].  
The presence of KREEP clasts in some HED breccias 
implies that KREEP-rich terranes are exposed some-
where on Vesta [14]. Detailed geochemical mapping of 
the surface of Vesta by the DAWN spacecraft and fur-
ther analysis of new HED meteorites are required to 
solve these issues. 
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